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ABSTRACT 
The wind climate over the Baltic Sea, with main focus over the island Gotland, has been studied. Tower and 
pilot balloon wind measurements have been performed on Gotland during May 2000 and the 3-D, higher 
order closure, MIUU model has been used to simulate the wind climate for 22-23 May. During these days 
thermally driven circulations were present, giving rise to e.g. low level jets and sea-breeze. Comparison 
between measurements and model simulations showed good agreement, which justified the use of the 
model output for further investigations. The evolution and cause of the wind field for May 22-23 were 
analysed in more detail from the model simulations. Also a sensitivity test of the influence of the surface 
properties of Gotland on the simulated wind field was performed with the model. The differences in surface 
temperatures between land and sea were found to be the most important factor in modifying the wind field. 
However, the wind field was also affected by the surface roughness.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



1. Introduction   
When planning a new wind energy park, wind energy potential calculations are important for choosing the 
right site. Today many new wind energy parks are being planned offshore, where few measurements are 
available. Instead the wind energy potential calculations must rely on results from various models. To 
achieve realistic calculations the requirements of the boundary layer physics in the model must be high. 
 
The MIUU-model used here has, compared to the commonly used WAsP-model, more boundary layer 
physics included and is capable of describing the evolving mesoscale phenomena more accurately. These 
mesoscale phenomena, such as thermal circulations, low level jets (LLJ), development of internal boundary 
layers etc, are of crucial importance for the wind field at lower levels and could be very important for wind 
energy potential calculations, as well as for short time forecasts.  
 
It is previously known that the wind field over the Baltic Sea (Figure 1a), which is a semi-enclosed sea, is not 
uniform (Källstrand, 2000, Bergström, 2001). In this paper a study of the wind field over the Baltic Sea is 
presented to illustrate how the wind is influenced by various parameters, such as thermal variations between 
land and sea and changes in the geostrophic wind. The investigation is based on measurements and 
simulations with the MIUU model. The measurements used, cover a relatively large area, which enables both 
spatial and temporal comparison with the model simulations.  
 
 
2. Sites and measurements 
To study the wind climate, tower measurements are often used. This type of measurements is suitable for 
climatological studies since continuous long time series of data can be produced. For example long-term 
data are needed for wind distribution calculations. However a disadvantage with tower measurements is the 
limited height, normally up to 50-100 m. This means that features at higher levels that influence the wind 
profile at e.g. the hub height of a wind turbine are missed. One such an example is the occurrence of a low 
level jet (LLJ), i.e. a wind maximum at low level, which can increase the wind speed by 10% at hub height 
(Källstrand, 1998). The effects of the LLJ are measured by the tower, but the cause of the higher wind speed 
is missed!  
 
Between 16-26 of May 2000 a field experiment was conducted on the southern part of Gotland (Figure 1) 
with the aim of studying the modification of the wind field, both in time, spatially and with height. 
Meteorological measurements are made on towers located at site number 1 (Östergarnsholm) and 22 
(Näsudden) (see Figure 1b) since several years, which give wind speed and wind direction profiles up to 30 
m and 145 m respectively. Wind speed and wind direction profiles up to 2500 m were obtained from pilot 
balloon measurements (in cloud free conditions). Totally 110 wind profiles were obtained at 23 different sites 
(see Figure 1b). The sites were chosen so that both coastal and inland conditions were covered. The 
prevailing wind direction during the experiment was southwesterly.  
 

 
Figure 1. a) Map of Sweden and the Baltic Sea. b) A close-up of the southern part of the island Gotland. The 
pilot balloon measurement sites are indicated with numbers. At site number 1, meteorological measurements 
are made on a 30 m high tower, and at site 22, meteorological measurements are made on a 145 m high 
tower. Red sites are classified as west coast sites, yellow as inland sites, and blue as east coast sites.  

 



3. Results from measurements 
Wind profiles with a distinct wind maximum below 500 m have been classified as a profile with a low level jet. 
With these criteria LLJ’s are found in 71 of the totally 110 wind profiles, which give a mean value for all wind 
profiles and all sites of 65%, and a mean jet height of 180 m. However, the LLJ’s are not evenly distributed 
between the sites. For the east coast sites (blue sites in Figure 1b) LLJ’s are found in 83% of the profiles. 
This is comparable to earlier results from Östergarnsholm (site number 1, Figure 1b), where LLJ’s have been 
found in 84% and 65% of the profiles in two experiments (Källstrand, 1998). Low level jets are commonly the 
result of an inertial oscillation in space, which develops due to frictional decoupling of the boundary layer 
over a relatively cold sea surface. They can also be created by a land or sea-breeze (Källstrand, 1998). For 
the west coast sites (red sites in Figure 1b) the occurrence of LLJ’s are slightly lower, 64%, and for the inland 
sites  (yellow sites in Figure 1b) LLJ’s are only found in 30%. Also the height to the jet maximum varies for 
the three groups. At the east coast sites the mean jet height is 125 m, at the west coast sites 180 m, and at 
the inland sites 220 m. This shows that when a LLJ is transported in over Gotland the height to the jet 
maximum becomes higher and in most cases it disappears. The difference in height between the east and 
west coast sites is most likely dependent on the distance to the coastline. At the east coast the majority of 
the wind profiles are measured just at the coastline, whereas on the west coast the main part are measured 
1.5 km from the coastline. The difference between the number of LLJ’s on the east and the west coast also 
implies that local circulations driven by Gotland create LLJ’s on the east side. 
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Figure 2. Measured wind profiles at several sites during May 23. Each arrow indicates the wind direction and 
the corresponding wind speed (see the reference arrow in the figures). The red arrows correspond to 
measurements at heights between 25-225 m, the green arrows to 275-475 m, and the blue arrows to 550-
950 m (see also the height legend).  

In earlier work it has been found that sea-breeze circulation can affect large parts of the Baltic Sea (the order 
of 100 km) (Källstrand et al. 2000). Here a local sea-breeze circulation of the order of 10 km was found in the 
wind profiles on May 23 in the northern part of the measurement area.  
 
Figure 2 shows wind profiles from 25-950 m for several sites at 9 SNT, 11 SNT, 13 SNT, 16 SNT, and at 18 
SNT (SNT=UTC+1). Each arrow indicates the wind direction and the length of the arrow shows the wind 
speed. Different colours are used on the arrows for different height intervals, red arrows being closest to the 
ground and blue at the top (see also the height legend in the figure). The sea-breeze circulation is present in 
the measurements already in the morning (9 SNT). A distinct turn in the wind direction at the lowest levels 
can be seen for the sites on the east coast, i.e. some of the red arrows are pointing towards north or to 
northwest. For the same time the wind field at higher levels (the blue arrows) are rather uniform at all sites. 
The see-breeze circulation is persistent until 13 SNT. In Figure 2c it can be seen that the extension toward 
south is limited. At Östergarnsholm a large turn in the wind direction with height can be seen, indicating a 
fully developed sea-breeze. At the nearest site to Östergarnsholm, there is no turn in the wind direction, but  
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Figure 3.  Time-height cross section of the see-breeze at Östergarnsholm, May 23. The circle indicates the 
height to the minimum wind speed. The arrows show the wind direction and the colours the wind speed. 

there is a drastic decrease in wind speed. This indicates that the site is affected by the circulation but no 
distinct sea-breeze is developed. Unfortunately there are no measurements on the northern part of Gotland 
that could be used to determine the extension of the sea-breeze toward the north. In the afternoon the sea-
breeze circulation disappears, most likely due to the change in direction and strength of the geostrophic 
wind. The sea-breeze is for the whole day quite shallow, and extends only up to about 500 m at 
Östergarnsholm (see Figure 3).  
 
 
4. The MIUU model 
The MIUU model used for the model runs in this paper is a three-dimensional hydrostatic mesoscale model. 
The turbulence is parameterized with a 2.5-level scheme, according to Mellor and Yamada (1974), which 
implies that the turbulent kinetic energy is calculated by a prognostic equation, whereas the second order 
moments are obtained by diagnostic expressions described in detail by Andrén (1990). The MIUU model has 
a terrain following coordinate system (Pielke, 1984). Of the 29 vertical levels used in these simulations, the 
lowest grid point is at the height z0, where z0 is the roughness length, and the model top is at 10000m. The 
model domain is 613 x 675 km and contains 158 x 165 grid points. In the horizontal a telescopic grid is used, 
to achieve a high resolution, i.e. 1 km between the grid points, close to the centre of the domain. In this case 
that is over the island Gotland (see Figure 4). The grid spacing then gradually expands toward the 
boundaries until reaching a largest spacing of 9 km. In the vertical, logarithmic spacing is used near the 
surface to be able to accurately describe the physics at lower levels. For the upper vertical levels the spacing 
becomes linear.  
 

 
Figure 4. Map showing the model domain and the model grid points. Distances are given in the Swedish 
geographical coordinate system. In the middle of the model domain (the square) the distance between the 
grid points is 1 km. 



The topography and land use parameters were taken from digitized maps (the U.S. Geological Survey, the 
University of Nebraska-Lincoln, and the European Commission's Joint Research Centre 1-km resolution 
global land cover characteristics database, 1999). The model was run for a 48 hour period of time with input 
data chosen as to simulate the 22-23 May 2000. The background flow in the model is specified as a 
geostrophic wind, estimated from measurements together with maps of the analysed surface pressure fields 
and upper-air weather analysis. These data are given at 00h and 12h each day and interpolated in between. 
For the simulations in this work, no thermal wind was applied i.e. the geostrophic wind has no shear with 
height. However, it veers and increases with time. For the actual days, 22-23 May, the pressure field over the 
Baltic Sea was rather weak with no frontal activity. The background flow used in the simulations started with 
2 m s-1 southerly winds turning to 6 m s-1 westerly winds toward the end of the second day. The model was 
run with a prescribed and constant temperature for the water surfaces, 12 °C, while the surface temperature 
over land areas was calculated from an energy balance routine. 
 
 
4.1 Comparison between measurement and model results 
To broaden the knowledge about the wind field and its modifications around the island Gotland, the pilot 
balloon wind measurements were compared with simulations from the MIUU model. With model simulations 
a higher resolution of the temporal and spatial variation in the wind field can be achieved than is possible 
from observations alone. From the modelled fields, different physical phenomena can be isolated and 
studied. However measurements must be used to verify the validity of the modelled fields. 
 
The wind measurements available for the 22 May at 75 m are plotted at 9 SNT, 13 SNT and 18 SNT in 
Figure 5. In the morning (9 SNT) the wind direction on the west coast is south-westerly, while on the east 
coast the wind speed is slightly higher and more southerly. During the day the wind does not change 
significantly on the west coast. However, on the east coast a LLJ is formed in the afternoon (13 SNT), 
resulting in an increasing wind speed turning even more to the south. In the evening (18 SNT) the magnitude 
of the wind on the east coast has not changed significantly, but the direction has turned 45° and is now 
similar to the wind direction at the west coast. 
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Figure 5. Wind speed and wind direction at 75 m the 22 May, from pilot balloon wind measurements. 
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Figure 6. Wind speed and wind direction, simulated with the MIUU model, at 72 m the 22 May.    
 



The model results for the same time period are shown in Figure 6. In the morning (9 SNT) the model gives a 
rather uniform wind field over the sea, concerning both strength and direction. Over land the wind speed is 
much lower. The measurements in Figure 5a are in very good agreement with the modelled result, Figure 6a.      
Later in the day (13 SNT) the wind above Gotland is increasing and turning towards the island. In the 
evening (18 SNT) the wind speed has augmented over the whole area. When comparing the measured 
winds with the simulated wind field the general agreement is very good. However the increase in wind speed 
on the west coast during the day is not found in the measurements.  
 
During the night the model gives a stable boundary layer over both the island Gotland and the surrounding 
sea, resulting in a uniform wind field over the area (not shown here). In the morning the heating of the land is 
gradually transforming the stable layer into a convective one. This gives low wind speeds above Gotland in 
the morning. In the afternoon the convective layer is stronger and has increased in height. This causes a 
thermally driven circulation over Gotland that generally increases the wind speed at 72 m.  Near the surface 
a thermal low is developing causing the wind to turn inland at both coasts, see Figure 6b. This creates a 
frontal zone over the middle of Gotland with very low wind speeds. At the east coast a LLJ is formed as a 
result of the thermal circulation, which in turn is dependent on the shape of the coastline and the direction of 
the geostrophic wind. The height of the LLJ is about 150 m, which is comparable with the measurements. In 
the evening the convective boundary layer is again transformed into a stable one, due to less heating of the 
island, outgoing radiation, and colder air coming in from the sea at both sides. This, in combination with an 
increased geostrophic forcing in the model, results in a stronger and more uniform wind field over the area. 
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Figure 7. Time-height cross section at Näsudden on May 23. a) Wind speed and wind direction from pilot 
balloon measurements. The triangles indicate the wind maximum in each individual wind profile. b) Wind 
speed simulated with the MIUU model. c) Wind direction simulated with the MIUU model. 
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Figure 7. ( cont.) see caption above. 
 
Measurements from the 23 May were presented above in Figure 2. At Näsudden a LLJ is present during the 
day. The height to the jet maximum is about 200 m for the whole day, but the vertical extension grows larger 
and the magnitude of the wind speed increases in the afternoon and evening (Figure a). The LLJ is also 
seen in the model result. The general agreement with the measurements is satisfying. However, the 
simulated height to the wind maximum is slightly lower and the jet becomes somewhat stronger in the 
evening. In the morning (8-9 SNT) the measurements show a local circulation at lower levels, up to about 
500 m, with north westerly wind directions. This change in wind direction is not caught in the simulation, 
which might explain why the maximum at 9 SNT is so narrow. Even though there are minor differences the 
model field can be used to study the spatial and height variations of the LLJ.  
 
 
4.2 Effects of surface properties of Gotland 
Model runs were also performed changing the physical properties of the island Gotland in order to isolate the 
parameters that may affect the wind. These runs were made for the same domain, with the same input 
parameters as for the model runs above, i.e. southwesterly geostrophic winds, with the only difference that 
surface properties for the island Gotland were changed.  
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Figure 8. Wind speed over the island Gotland simulated for different surface properties. Fig a) and e) show 
the reference case, b) and f) show the scenario when Gotland has topography but a fixed temperature equal 
to the sea surrounding it. In fig c) and g) Gotland just exists as a temperature island, with no topography or 
roughness. In d) and h) Gotland is totally taken away. The first row of plots shows the situations at 15 SNT, 
while the second row pictures the scenarios at 00 SNT.  



A reference run was performed as above (Figure 8a and e). To test the importance of the topography and 
surface roughness a simulation was made, where Gotland was not allowed to change in temperature, but 
conserved the same temperature as the sea surrounding it (Figure 8b and f). In another run the topography 
and surface roughness were taken away, leaving Gotland as just a temperature island, where the 
temperature is varying according to the energy balance. (Figure 8c and g). A last simulation was made for a 
situation when the island was totally taken away. In Figure 8 the first row of pictures are showing the 
scenarios in the afternoon at 15 SNT, when thermal circulation are expected to be at its maximum. The 
second row is showing the same cases but at 00 SNT the next day. 
 
When comparing the afternoon simulations, the first thing to see is that in the reference case a thermally 
driven circulation is present, with strong winds at the east coast of the island and very light winds at the north 
western coast, similar to the circulation at the east coast of the mainland. This circulation is totally absent 
over the island in the case where Gotland has a fixed temperature (Figure 8b) and when it doesn’t exist at all 
(Figure 8d). In Figure 8c, however, there is still a circulation confirming that it is really thermally driven. The 
decrease in magnitude for the temperature-island case (Figure 8c) compared to the reference one (Figure 
8a), could be explained by the lack of surface roughness and therefore less turbulence. 
 
Towards the evening and night the geostrophic wind has increased over the entire area, which explains the 
higher general flow. At nighttime the different scenarios look more similar. However, there are small 
differences that might be interesting to analyze. The thermal effects are less pronounced at this time a day. 
The simulated case is a day in May and the outgoing radiation during the night does not cool the surface of 
the island much lower than the sea temperature. At 00 SNT the island was 1.5 °C cooler than the sea (not 
shown). In (Figure 8g) compared to (Figure 8h) it can be seen that the wind maximum is increased. This 
corresponds well to the colder surface of Gotland beneath. This increase is not the case in Figure 8e, 
however, as the surface roughness and topography counteract it. Worth to notice is also how the light wind 
area in Figure 8a is advected to the north east during the 9 hours and can be found in Figure 8e as well. 
 
 
5. Conclusions 
The pilot balloon wind measurements show great variations in the wind field over Gotland, both in space, 
time and with height. The results from the measurements show that LLJ are a common feature at the 
coastlines of Gotland. However, the result indicates that for the measuring period, with mainly southwesterly 
wind directions, LLJ’s are more common at the east coast (83%) than on the west coast (64%). This 
difference is most likely due to mesoscale circulations caused by Gotland. Also the height to the jet 
maximum was found to be dependent on the location. Close to the coast the height were about 125 m 
increasing to about 180 m 1.5 km inland.  
 
The model simulates the wind field over Gotland 22-23 May quite accurately. This can be seen in both wind 
direction and in wind speed when compared to the measurements, which e.g. was done for May 22. The 
higher resolution in the simulations makes it possible to analyze the mesoscale circulations around Gotland 
in more detail. Analysis of simulations for May 22 show that changes in the wind field during the day are 
highly dependent on the evolution of the boundary layer over Gotland. In the morning a stable boundary 
layer was present both over land and sea, giving a rather uniform wind field. The heating of Gotland gave 
rise to a convective boundary layer, which in turn started a thermal circulation resulting in lower wind speeds 
over Gotland. As the circulation grew stronger also the direction changed, and the wind started to blow in 
toward the island. The strength of the circulation is affected by the temperature differences between land and 
sea, as well as the shape of the coastline in combination with the geostrophic flow.  
 
To further study the influence of different surface parameters of Gotland, model simulations were run. Four 
different scenarios were used, i) a reference case with a “realistic” Gotland, ii) the temperature of Gotland the 
same as the surrounding sea, iii) Gotland only seen in the temperature variations (no topography/roughness) 
and iv) no Gotland present. The result shows that the daytime circulation on May 22 was really thermally 
driven, with a slight influence by the surface roughness. However during the night, the roughness seems to 
be important. The wind speed over Gotland becomes lower in case i) than in case iii). 
 
To conclude, the model simulations are able to capture mesoscale features that are important for the 
evolution of the wind field. This lends support to make use of the model to study both spatial and temporal 
variations in the wind field with a much higher resolution than possible from the observations alone. In turn 
this implies a possibility to achieve a much higher relevance in the over all picture of the wind climate over 
the Baltic Sea or in any other area. However, it cannot be stressed enough how important it is to use a 
model, with a sufficient description of the boundary layer physics.    



6. References 
 
Andrén A. 1990, Evaluation of a turbulence closure scheme suitable for air-pollution applications, J. Appl. 
Meteorol. 29, 224-239 
 
Källstrand, B., 1998, Low Level Jets in a Marine Boundary Layer During Spring, Contr. Atmos. Phys, p. 359-
373 
 
Källstrand, B., Bergström H., Hojstrup J., Smedman A., 2000, Mesoscale wind field modifications over the 
Baltic Sea, Boundary-Layer Meteor. 95(2), p 161-188 
 
Mellor G. and Yamada T. 1974, A hierarchy of turbulence closure models for planetary boundary layer, J. 
Atmos. Sci., 31, 1791-1806. 
 
Pielke, R. A.: 1984, ‘Mesoscale Meteorological Modeling’, Academic Press Inc., Orlando, 612 pp. 
 
U.S. Geological Survey, University of Nebraska-Lincoln and European Commission's Joint Research Centre 
1-km resolution global land cover characteristics database, 1999, available at 
http://edcdaac.usgs.gov/glcc/glcc.html 
 
 
 
 
 
 


